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Pinning  Enhancement  of  YBa2Cu307_(^  Thin  Films 
With  Y2BaCu05  Nanoparticulates 

Paul  N.  Barnes,  Timothy  J.  Haugan,  Michael  D.  Sumption,  and  B.  Craig  Harrison 


Abstract — A  comparison  study  is  given  of  a  typical  supercon¬ 
ducting  YBa2Cu3  07_d  (Y123)  film  and  a  Y123  film  containing 
a  nonsuperconducting  Y2BaCu05  (Y211)  phase  nanoparticulate 
dispersion.  The  inclusion  of  the  second  phase  nanoparticulates  was 
for  the  express  purpose  of  increasing  superconducting  film’s  mag¬ 
netic  pinning  strength  with  the  resultant  improved  in-field  crit¬ 
ical  current  density.  LaAlOs  substrates  were  used  and  the  Y123 
and  Y211  nanoparticulates  were  grown  by  pulsed  laser  deposition 
(PLD).  The  Y211  nanoparticulate  dispersion  in  the  Y123  resulted 
from  multiple  consecutive  depositions  by  PLD  of  the  respective 
targets.  The  Y123  phase  maintained  excellent  epitaxy  with  high 
in-plane  orientation  with  and  without  the  Y211  inclusions.  With 
the  Y211  additions,  the  critical  current  densities  of  the  films  in¬ 
creased  significantly  in  applied  magnetic  fields  as  compared  to  the 
high  quality  Y123  film  with  no  Y211  additions. 

Index  Terms — Flux  Pinning,  nanoparticulates,  YBCO, 

Y2BaCu05. 


1.  Introduction 

IGH  TEMPERATURE  superconducting  (HTS) 
YBa2Cu307_d  (YBCO  or  Y123)  superconductors 
are  being  developed  for  a  variety  of  applications  since  high  crit¬ 
ical  current  densities  (Jc)  are  maintained  in  applied  magnetic 
fields  of  a  few  tesla.  Because  of  this,  YBCO  coated  conductors 
are  considered  the  second  generation  HTS  wire  to  the  first 
generation  Bi2Sr2Ca2Cu308  (BSCCO).  The  primary  uses 
for  HTS  wire  are  in  power  applications  such  as  transformers, 
generators,  motors,  power  transmission  cables,  etc  [1],  [2]. 
Even  though  YBCO  has  good  in-field  properties  at  77  K,  it 
is  of  interest  to  further  enhance  its  performance  by  improving 
the  flux  pinning  characteristics  of  the  superconductor.  This  is 
especially  true  since  Jc  can  decline  by  an  order  of  magnitude  at 
1  T  magnetic  fields  applied  in  the  c-axis  direction  of  YBCO  [3], 
[4].  An  increase  of  the  critical  current  in  the  superconducting 
film  can  lead  to  a  higher  engineering  current  density  for  the 
HTS  wire,  the  more  critical  wire  parameter  [5]. 

The  mechanisms  of  flux  pinning  typically  occurring  in  YBCO 
films  grown  on  varying  substrates  (or  buffered  substrates)  is  not 
immediately  evident  since  the  coherence  length  in  this  super¬ 
conductor  is  quite  small,  ^  ~  1.5-2  nm  [1].  Because  of  the  small 
coherence  length,  a  variety  of  atomic  size  structures  or  defects 
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in  the  film  can  pin  the  fiuxons.  However,  this  does  suggest  that  a 
high  density  of  nanosized  particulates  dispersed  throughout  the 
superconductor  can  be  an  effective  pinning  structure  as  opposed 
to  only  columnar  defects  effectively  pinning  the  magnetic  vor¬ 
tices  [1],  [6]  if  the  particulate  dispersion  is  sufficiently  dense. 

Y2BaCu05  (Y211)  has  previously  been  used  to  confer  pin¬ 
ning  in  bulk  YBCO  superconductors,  but  this  has  been  prin¬ 
cipally  in  melt  textured  and  bulk  material  [7]-[ll].  In  these 
cases,  the  size  of  the  Y211  inclusions  were  typically  on  the 
order  of  a  micron  in  size  and  particle  density  was  low  resulting 
in  mediocre  pinning  at  best.  If  an  effective  way  of  introducing 
Y211  into  Y123  can  be  devised,  Y211  has  several  advantages 
to  be  used  as  a  material  for  the  incorporation  of  pinning  centers 
into  Y123.  Y211  is  chemically  stable  with  Y123  resulting  in 
little  if  any  chemical  diffusion  or  reaction  [12].  Also,  deposition 
conditions  for  Y211  growth  are  quite  similar  to  Y 123  making 
in- situ  growth  of  Y211  particulates  easier  to  accomplish. 

Recently,  a  method  has  been  reported  by  T.  J.  Haugan  et  al 
to  incorporate  Y211  sites  into  Y123  as  a  nanoparticulate  dis¬ 
persion  using  pulsed  laser  deposition  [13],  [14].  Alternating  de¬ 
positions  of  Y211  and  Y123  were  performed  in  very  short  in¬ 
tervals  to  accomplish  this.  Due  to  the  lattice  mismatch  between 
Y211  and  Y123  the  Y211  formed  islands  of  several  nanome¬ 
ters  in  size  during  growth.  A  subsequent  deposition  of  the  Y123 
on  top  of  the  Y2 11  particles  dispersed  on  the  Y123  layer  re¬ 
sulted  in  epitaxial  growth  of  the  Y123  on  the  exposed  parts  of 
the  Y123  surface.  The  process  was  continuously  repeated  to  pro¬ 
vide  the  desired  thickness  of  the  composite  film.  Use  of  a  non¬ 
lattice  matched  material  represents  a  different  approach  for  the 
use  of  multilayer  deposition  which  focused  on  island  growth. 
This  paper  uses  the  same  procedure  described  in  that  report  to 
compare  the  pinning  force  associated  with  the  Y 123/Y21 1  film 
to  a  typical  YBCO  film.  A  comparison  of  magnetic  Jc  and  the 
pinning  force  density  of  a  plain  Y123  sample  and  a  Y21 1/123 
composite  sample  is  given. 

II.  Experimental  Details 

Samples  were  prepared  by  pulsed  laser  deposition,  and 
two  samples  representative  of  the  group,  either  plain  YBCO 
films  or  composite  Y211/Y123  films,  were  used  for  com¬ 
parison.  One  sample,  a  control  sample  identified  as  TJ360, 
consisted  of  a  typical  YBCO  film  deposited  on  single  crystal 
LaA103  (LAO).  The  second  sample,  TJ127C,  consisted  of 
YBCO  with  a  Y211  nanoparticulate  inclusion,  also  identified 
as  (Y211i.6  nm/Y1236.i  nm)  X  35.  The  alternate  layers  of 
the  Y211  nanoparticulate  and  the  Y123  were  deposited  using 
conditions  reported  previously  [13],  [14].  The  amount  of  ma¬ 
terial  deposited  in  the  Y123/Y211  nanoparticulate  bilayer  was 
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such  that  if  deposited  separately  and  uniformly,  the  Y123  layer 
would  be  6.1  nm  thick  and  the  Y211  layer  would  be  1.6  nm 
thick.  However,  deposition  of  the  Y211  on  the  Y123  layer 
resulted  in  a  dispersive  growth  of  Y211  nanoparticulates. 

It  is  not  clear  if  the  entire  Y21 1  deposition  resulted  in  Y21 1 
growth  only.  It  is  possible  that  there  was  some  epitaxial  Y123 
growth  during  the  Y21 1  deposition  since  Y,  Ba  Cu,  and  O  (in  one 
form  or  another)  were  all  present  in  the  laser  ablation  plume  and 
the  existing  Y123  layer  may  initially  favor  Y123  growth,  which 
would  later  give  way  to  Y211  growth  due  to  the  ratio  of  ele¬ 
ments  present  in  the  plume.  Even  so,  x-ray  data  clearly  indicate 
the  presence  of  Y211  in  the  composite  films.  Results  also  sub¬ 
stantiate  growth  of  the  Y21 1  was  caused  by  lattice  mismatching 
with  the  Y123  achieving  a  Y211  particle  size  of  ~  10-20  nm 
in  diameter  and  ~4  nm  in  height.  The  sequential  PLD  deposi¬ 
tions  were  automated  with  the  laser  pulses  trigger-actuated  by 
computer  control.  Film  growth  was  stopped  between  each  layer 
while  the  other  target  was  rotated  into  position. 

A  Lambda  Physik  laser,  model  LPX  305i,  was  used  at  248  nm, 
the  KrF  wavelength,  pulsing  at  a  4  Hz  rate.  The  ablation  spot 
size  was  ~  6.5  mm^  with  a  laser  fiuence  of  ~  3.2  J/cm^. 
The  oxygen  deposition  pressure  was  300  mTorr  kept  constant 
by  downstream  flow  control  while  an  O2  gas  (99.999%  purity) 
flow  of  ~  1 1/min  was  introduced  during  growth.  The  deposition 
targets  were  rotated  and  rastered  radially  during  deposition  for 
uniform  target  wear.  Single  crystal  substrates  of  LAO  were  ul- 
trasonically  cleaned  for  2  minutes  prior  to  use.  A  thin  layer  of 
colloidal  Ag  paint  was  used  to  attach  samples  to  the  heater.  Sub¬ 
strates  sizes  were  approximately  3.2  x  3.2  mm^.  YBCO  thick¬ 
ness  was  ~300  nm  total  thickness  for  each  of  the  films. 

After  deposition,  films  were  cooled  from  785°C  to  750°C,< 
2  min,  after  which  the  vacuum  pumps  and  O2  pressure  control 
were  halted.  The  O2  flow  rate  was  increased  to  ~  1.5  1/min  into 
the  chamber  and  the  films  cooled  from  750°  C  to  500°  C  over  a 
span  of  ~12  min.  The  deposited  films  were  then  held  at  500°  C 
for  30  minutes  and  the  O2  pressure  was  increased  to  1  atm.  The 
films  were  finally  cooled  from  500°  C  to  room  temperature  prior 
to  removal.  This  cooling  process  allows  for  oxygenation  of  the 
films. 

Transport  critical  current  densities  ( Jc)  were  acquired  by  the 
4-point  contact  method  using  pogo  pins  for  current  contacts 
and  a  1  /xV/cm  criterion.  On  these  samples,  the  current  and 
voltage  contacts  for  the  resistive  measurement  were  patterned 
onto  the  films  by  DC  magnetron  sputter  deposition  of  Ag  with 
~  3  iim  thickness.  The  contact  resistance  of  the  Ag  contacts  on 
the  YBCO  films  was  reduced  by  annealing  in  pure  O2.  To  de¬ 
termine  the  pinning  force,  samples  were  mounted  in  a  vibrating 
sample  magnetometer  (VSM).  The  samples  were  mounted  such 
that  the  field  was  applied  perpendicular  to  the  wide  face  of  the 
sample  with  currents  induced  in  the  a  —  6  planes  of  the  HTS 
films.  M-H  loops  were  obtained  in  10  minute  collection  periods 
at  several  temperatures  ranging  from  10  K  to  77  K,  with  varying 
ramp  rates.  Temperatures  were  determined  by  a  Si-diode  placed 
near  sample.  The  resulting  M-H  loops  were  volume  normalized 
and  then  the  magnetic  Jc  was  extracted  via  Jc  =  30  ‘  AM/d 
(here  we  use  20  rather  than  30  as  the  prefactor  to  account  for  a 
finite  size  sample  with  d  =  L). 


Phi  (degrees) 


Fig.  I.  Typicalphi scanof the (103)peakforthe  YI23/Y2II  (sample TJI27C) 
indicating  the  Y 1 23  phase  maintained  excellent  ab  in-plane  alignment  with  the 
Y2II  nanoparticulate  additions. 


The  superconducting  transition  temperature  (Tc)  was  mea¬ 
sured  using  an  AC  susceptibility  technique  with  the  amplitude 
of  the  magnetic  sensing  field  varied  from  0.025  Oe  to  2.2  Oe, 
at  a  frequency  of  approximately  4  kHz.  The  Tc  measurements 
were  accurate  within  <  0.1  K  at  three  calibration  points:  liquid 
He  at  4.2  K,  liquid  N2  at  77.2  K,  and  room  temperature.  X-ray 
diffraction  0—20  scans  were  made  with  a  Rigaku  diffractometer, 
with  a  20  step-size  of  0.03  A  and  a  count  time  of  1.8  s. 

III.  Results  and  Discussion 

In  general,  the  composite  films  displayed  a  sharp  transition 
at  Tc,  as  does  the  plain  Y123  films,  indicating  good  quality 
as  determined  by  ac  susceptibility  measurements  for  a  YBCO 
and  Y21 1/Y 123  composite  film  representative  of  the  deposition 
group.  A  slight  depression  of  Tc  occurred  for  the  composite 
films  of  a  couple  degrees.  Transport  measurement  of  the  self¬ 
field  Jc,  at  77  K,  for  representative  samples  indicated  that  both 
YBCO  and  the  composite  films  were  between  ~  2— 3  MA / cm^ . 
The  Phi  scan  shown  in  Fig.  1  of  the  Y 123/Y21 1  composite  film, 
TJ127C,  indicates  that  the  Y123  phase  maintained  excellent  ab 
in-plane  alignment  even  with  the  Y211  nanoparticulate  addi¬ 
tions.  In  one  case,  the  deposition  was  halted  immediately  after  a 
Y211  deposition  for  imaging  by  scanning  electron  microscopy 
(SEM).  The  image  is  shown  in  Fig.  2.  The  Y211  nanoparticles 
are  clearly  visible  on  the  surface  of  the  Y123  phase  material. 
The  2-0  scans  confirm  the  presence  of  the  Y21 1  phase  growth. 

A  comparison  of  magnetic  Jc  values  for  the  YBCO  and  the 
Y123/Y211  composite  film  are  given  in  Fig.  3.  This  figure 
provides  the  relative  change  in  Jc  between  the  composite 
Y 123/Y21 1  films  and  the  plain  Y123  films  bearing  in  mind  that 
transport  Jc  measurements  confirm  the  over  MA/cm^  perfor¬ 
mance  of  films  as  previously  mentioned.  Temperatures  ranged 
from  10-77  K  in  10  degree  increments.  Note  that  for  these  two 
particular  samples  the  JcS  of  the  composite  film  increased  from 
~2  times  to  ~3  times  in  value  at  1  T  over  the  YBCO  sample 
for  the  given  temperature  range.  Values  at  low  temperatures 
are  significantly  greater  for  the  Y21 1/123  composite  film  over 
YBCO  reference  sample.  This  clearly  demonstrates  that  flux 
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Fig.  2.  SEM  of  localized  area  of  a  Y123A^21 1  composite  sample  after  halting 
growth  following  the  Y21 1  deposition.  The  Y21 1  particulates  are  visible  on  the 
surface. 
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Fig.  3.  In-field  magnetic  Jc  for  Y123  and  Y123A^211  samples  at  higher 
temperatures. 

pinning  advantages  are  conferred  by  the  Y2 11  nanoparticulate 
inclusions. 

The  next  two  figures,  Figs.  4,  5,  show  this  in  terms  of  the 
pinning  force  curves  where  Fp  =  Jc  ‘  B,  where  the  force  is  in 
GN/m^.  This  further  demonstrates  that  the  addition  of  Y211 
nanoparticulate  inclusions  significantly  enhances  YBCO  thin 
film  performance.  This  is  different  then  previous  attempts  at 
Y211  inclusion  in  Y123  phase  material  when  limited  benefit 
was  observed  t7]-ll  1].  The  primary  difference  here  is  the  small 
nanosize  scale  of  the  particles  and  the  high  density  number. 
This  indicates  that  significant  pinning  can  be  accomplished  with 
nanoparticulates  as  with  columnar  defects.  An  advantage  of  the 
nanoparticulates  is  that  directionality  of  the  applied  fields  is  less 
relevant  as  in  the  case  of  the  oriented  columnar  defects. 


H,kOe 


Fig.  4.  Fp  vs.  H  curves  for  Y123  (sample  TJ360)  and  Y123/Y211  (sample 
TJ127C)  at  the  higher  temperatures  for  the  10-77  K  temperature  range 
considered. 
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Fig.  5.  Fp  vs.  H  curves  for  Y123  (sample  TJ360)  and  Y123/Y211  (sample 
TJ127C)  at  intermediate  temperatures  for  the  10-77  K  temperature  range 
considered. 

The  matching  field  in  the  c-axis  direction  should  correlate 
to  the  given  density  of  the  nanoparticles.  Based  on  similarly 
prepared  samples,  this  is  at  a  magnetic  field  greater  than  the 
data  assembled  here  but  is  not  sufficiently  clear  for  a  definitive 
comparison  at  the  present.  However,  for  the  magnetic  field  in 
the  a-b  plane  direction,  the  matching  field  clearly  corresponds  to 
the  spacing  of  the  Y21 1  nanoparticulate  planes  115].  Additional 
data  is  being  collected  to  examine  these  issues  as  well  as  the 
relevant  angular  dependence  of  these  films. 
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IV.  Conclusion 

The  composite  films  consisting  of  essentially  Y123  material 
with  a  naoparticulate  dispersion  of  Y21 1  second  phase  addition 
achieved  a  high  inclusion  density  resulting  in  significant  pinning 
of  YBCO.  Addition  of  the  Y2 11  nanoparticles  had  a  negligible 
effect  on  c-axis  and  ab  in-plane  orientation  of  the  Y123  phase. 
In  the  composite  Y 123/Y21 1  films,  the  critical  current  densities 
increased  2-3  times  over  that  of  the  YBCO  control  sample  for 
applied  magnetic  fields  of  1  T  from  10  K  to  77  K.  This  demon¬ 
strates  the  effectiveness  of  high  density  nanoparticle  dispersions 
in  HTS  films  for  magnetic  flux  pinning. 
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